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Deletion analysis of the ␤-catenin armadillo repeats has not resolved whether its partners bind to discrete ␤-catenin/XTcf3-CBD complexes in each asymmetric unit (see Table 1 ). For convenience, we use "␤-catenin" to refer to the armadillo repeat region of ␤-catenin in this work.
The ␤-catenin in the ␤-catenin/XTcf3-CBD complex Interactions between ␤-Catenin and the ␤ Hairpin has essentially the same structure as the previously Module of XTcf3-CBD reported unbound ␤-catenin. The rmsd of the C␣ posiThe N terminus of XTcf3-CBD protrudes from the groove tions between unbound and bound ␤-catenin is 0.76 Å in ␤-catenin by interacting with residues in armadillo and 0.56 Å for the two ␤-catenin/XTcf3-CBD complexes repeats 9 to 11 (Figure 2A ). The surface area buried by in the asymmetric unit, respectively. The rmsd of compathe ␤ hairpin is approximately 1760 Å 2 . Residues 8-15 rable C␣ positions of ␤-catenin in the two ␤-catenin/ of XTcf3 form an antiparallel ␤ hairpin, and fit into the XTcf3-CBD complexes is 0.56 Å .
deep groove caused by a kink around armadillo repeat The XTcf3-CBD forms an elongated structure that 9 (Figure 2A ). The lack of side chains in Gly-8 and Gly-9 runs antiparallel along the positively charged groove of of XTcf3 is required so that the strand composed of ␤-catenin ( Figure 1A ). XTcf3-CBD can be roughly divided residues 8-11 may be buried deeper in the groove than into three binding modules. From the N to C terminus, the other strand of the ␤ hairpin. The ␤ hairpin is stabiXTcf3-CBD contains a ␤ hairpin module (residues 2-15), lized by extensive hydrogen bonding between XTcf3, an extended region (residues 16-29), and an ␣ helix ␤-catenin, and ordered water molecules ( Figure 2B ). shallow hydrophobic pocket formed by residues Phewe made a lysine to glutamate point mutation in ␤-catenin at residue 435 (K435E). We produced 35 S-labeled XTcf3 253 and Phe-293 of ␤-catenin.
and ␤-catenin-K435E in rabbit reticulocyte lysates, mixed them, and immunoprecipitated the ␤-catenin with Mutational Analysis of the ␤-Catenin/XTcf3 Interaction Having determined the structure of the ␤-catenin/XTcf3 an attached epitope tag. Compared to wild-type ␤-catenin, the K435E mutant was dramatically reduced in its complex, we were able to predict which amino acids in ␤-catenin might be necessary for Tcf3 binding. In order ability to coimmunoprecipitate XTcf3 in this assay (Figure 5A ). In our structure, another tight salt bridge forms to test these predictions, we introduced specific amino acid changes into Xenopus ␤-catenin and examined the between Glu-24 of XTcf3 and Lys-312 of ␤-catenin (Figure 3B ). We substituted a glutamate for this lysine to interaction of these mutants with full-length XTcf3. We specifically targeted residues that interact with the excreate a K312E mutant, which was also severely reduced in its ability to interact with XTcf3 ( Figure 5A ). tended region and the C-terminal helical domain of XTcf3. We did not analyze residues in ␤-catenin that However, substituting a glutamate for Lys-270, which appears to weakly coordinate with Glu-26 in XTcf3 (not interact with the hairpin region since previous studies have demonstrated that this domain is dispensable for shown), had no appreciable effect on XTcf3 binding (Figure 5A) . Our results indicate that lysines 312 and 435 ␤-catenin binding (Omer et al., 1999) .
Within the extended region, interactions between are required to fasten ␤-catenin to the extended domain of XTcf3. aspartate residues in XTcf3 and lysine residues in ␤-catenin appear to be of major importance. Asp-16, which Unlike the extended region of XTcf3, which appears to rely primarily on charge-charge interactions for its was shown to be critically required for the binding of Tcf4 to ␤-catenin, forms a salt bridge with Lys-435 of binding to ␤-catenin, the ␣ helix in XTcf3-CBD binds to a hydrophobic region on the ␤-catenin surface. In partic-␤-catenin in our structure ( Figure 3B) . To test the role of this first charged button in ␤-catenin/Tcf interactions, ular, Leu-48 binds in a hydrophobic pocket partly com- posed of Phe-253 and Phe-293. To test the importance mutant (F253D/F293D) within the pocket. These combined mutations, which may alter both the shape and the of this hydrophobic pocket in ␤-catenin/Tcf interactions, we introduced a phenylalanine to aspartate mutation in hydrophobicity of the pocket, strongly inhibited XTcf3 binding to ␤-catenin ( Figure 5B ). ␤-catenin at residue 253 (F253D) that partly reduced its ability to interact with XTcf3 ( Figure 5A ). In order
We also attempted to disrupt binding by mutating Ala-295 and Ile-296 of ␤-catenin to tryptophans, which are to further disrupt the hydrophobic pocket, we also changed Phe-293 to an aspartate, creating a double predicted to form a "dam" jutting up from the floor of that prevented the binding of the XTcf3 helix also draquired for interacting with XTcf3, we asked whether the matically reduced the binding of XAPC4 to ␤-catenin same residues might be involved in binding the other ( Figure 6B , F253D/F293D and A295W/I296W). These repartners of ␤-catenin. ␤-catenin mutants with reduced sults demonstrate that similar amino acids in ␤-catenin XTcf3 binding were first tested for their ability to interact are used to bind Tcf3 and APC. with full-length Xenopus C-cadherin. Interestingly, the Finally, we examined the binding of Xenopus Axin same charged buttons used to bind XTcf3 to ␤-catenin (XAxin) to the ␤-catenin mutants. Unlike C-cadherin and were also required for the binding of C-cadherin to ␤-cate-APC, the binding of XAxin to ␤-catenin does not depend nin ( Figure 6A, K312E and K435E) . In contrast, the correon the Lys-312 or Lys-435 buttons ( Figure 6C ). However, sponding mutations that interfered with the binding of the binding of XAxin to ␤-catenin was disrupted by the the XTcf3 helical region with the ␤-catenin hydrophobic mutations F253D/F293D and A295W/I296W that prevent pocket had no effect on the binding of C-cadherin to binding of the XTcf3-CBD helix ( Figure 6C ). Remarkably, ␤-catenin ( Figure 6A, F253D, F253D/F293D , and A295W/ introducing a single amino acid substitution into the I296W). Therefore, the binding sites of XTcf3 on ␤-catehydrophobic pocket (F253D), which was not sufficient nin only partially overlap with those of C-cadherin.
to prevent C-cadherin or XAPC4 binding, was as effecWe next examined the interaction of APC with the mutant ␤-catenins. The central region of Xenopus APC tive as the double mutations at inhibiting the binding of XAxin to ␤-catenin ( Figure 6C ). These results demonobserved in our structure serves as a framework for all ␤-catenin/Tcf and ␤-catenin/LEF-1 interactions. Furtherstrate that the binding region of Axin on ␤-catenin overlaps that of the XTcf3-CBD helix, but not that of the more, our ␤-catenin/Tcf-CBD structure, together with our mutagenesis data, suggest that binding within the extended region.
groove of the armadillo repeat region of ␤-catenin may be a common theme for some other CBDs, such as Discussion those of cadherins and APC (see below). It is noteworthy that another armadillo repeat protein, Karyopherin, also As seen in the ␤-catenin/Tcf complex crystal structure, ␤-catenin provides a rigid platform that presents main uses its groove to recognize NLS (nuclear localization signal) peptides in extended conformations (Conti et al., chain and side chain groups for Tcf recognition. The armadillo repeat region forms an ideal structural plat-1998). form that restrains the positions of C␤ atoms as well as all main chain atoms. In this sense, ␤-catenin is analoStructural Determinants of ␤-Catenin-Tcf Interactions gous to double-stranded DNA. It forms a right-handed superhelix with a groove that spirals along the helix. The
The XTcf3-CBD can be roughly divided into three binding modules: an N-terminal ␤ hairpin (residues 7-15), an ␤-catenin binding domain of XTcf3 (XTcf3-CBD) extends along much of this groove, binding to ␤-catenin with extended region that contains two charged "buttons" (residues 16-29), and an ␣ helix (residues 40-52). Our three different modules. Recognition of a peptide spread out in a rigid groove allows the peptide to bind with crystal structure and the previous Tcf4 mutagenesis data allowed us to locate three hot spots at the ␤-catehigh specificity by exposing all its functional groups for recognition. In addition, binding in the groove allows a nin/Tcf3 interface that are critical for the binding of XTcf3 to ␤-catenin. Two of them are charged buttons in which higher binding affinity due to a larger protein-protein interface-the K d between ␤-catenin and hTcf4-CBD is the lysine residues at postions 312 and 435 bind acidic residues in the extended region of the XTcf3-CBD. The in a low nM range (Omer et al., 1999) . Since all of the critical residues in our ␤-catenin/Tcf3 interface are conserved in other hot spot is a hydrophobic pocket that binds Leu-48 of XTcf3. By inserting two negatively charged aspartate the Tcf/LEF-1 family, we expect that the binding mode residues in this hydrophobic pocket, we were able to restrain the conformation of a peptide chain and thus allow the protein to present its surface features in a prevent XTcf3 from binding ␤-catenin. In addition, to mimic the effects of a small compound bound in the more specific manner. It is interesting to note that the ␤-catenin binding domain of XTcf3 contains a ␤ hairpin groove of ␤-catenin, in which the ␣ helix docks, we designed a double mutation to build a "dam" in the module and an ␣ helix at the N-and C-terminal ends, respectively, flanking the essential central extended re-␤-catenin groove. This A295W/I296W mutation also prevented XTcf3 binding to ␤-catenin. gion. One of the features of the ␤-catenin/Tcf interaction is that, while the central extended region provides the Our results are completely consistent with previously reported Tcf4 mutagenesis data (Omer et al., 1999) . minimal recognition domain, the two flanking structural modules appear to help restrain the central extended Omer et al. produced a series of peptides of the human Tcf4 CBD containing deletions and mutations at conregion to binding in its docking site. In the ␤-catenin/ XTcf3 structure, the residues C-terminal to Glu-29 of served residues, and measured the ability of these mutant peptides to compete with the wild-type Tcf4 peptide XTcf3 are quite flexible and can potentially be stretched. This helps to explain a paradox in the mutagenesis data. for ␤-catenin binding. Because of the high similarity between human Tcf4 and Xenopus Tcf3 (Figure 1B) , we While mutation of the second charged button of ␤-catenin (K312D) abolished the binding to XTcf3, the correcan readily map their results onto our structure. This comparison demonstrates that the extended region of sponding mutation in Tcf4 (E24A) did not have dramatic effects on ␤-catenin/Tcf4 binding (Omer et al., 1999) . It Tcf is the minimal unit for binding to ␤-catenin (see also von Kries et al., 2000), whereas the ␤ hairpin region is is interesting to note that there are several negatively charged residues (Glu-26, Glu-28, and Glu-29) C-termilargely dispensable. The ␣ helix makes important contributions to the binding affinity of Tcf4 to ␤-catenin, since nal to Glu-24. It is possible that residues in this region can adopt alternative conformations so that another a mutation in this region dramatically reduces the binding affinity of the Tcf4 CBD for ␤-catenin. Based on negatively charged residue can match with the Lys-312 button when Glu-24 is mutated. these results, we suggest that the docking of the extended region to the positively charged groove of ␤-catenin may be the first step in the ␤-catenin/Tcf recognition, Interactions of ␤-Catenin with APC, Cadherin, and Axin and that the subsequent binding of the ␣ helix to ␤-catenin through hydrophobic interactions provides a critical ␤-catenin plays multiple roles in cell regulation by forming complexes with more than two dozen protein partcomponent of the high affinity binding.
In general, the formation of secondary structure may ners (Zhurinsky et al., 2000) . We were interested to know whether any of the ␤-catenin residues required for interacting with XTcf3 are also used to bind other welldefined CBDs of different partners, even though there was no apparent reported sequence homology. Of the proteins we tested, APC behaved most like XTcf3. Mutations in the region that binds the XTcf3 helix, as well as in the button region, significantly impair APC binding. In contrast, C-cadherin binding to ␤-catenin requires the buttons but is not affected by mutations that inhibit binding of the XTcf3 helix. This is in agreement with deletion studies demonstrating that armadillo repeats 1-3, which include residues that bind the XTcf3 helix, are not required for E-cadherin binding ( sions of these mutagenesis studies is that our mutations were based on an analysis of the structure. For example, saw a strong effect of mutations at Lys-435 on APC using equipotential contours, we defined the button at binding, whereas they saw only a minimal effect. One Lys-312 and showed that it is important for the binding potential difference is that they used small fragments of three of the four proteins tested, whereas this residue of APC that contained either the 15 or 20 amino acid was not examined in the other work.
repeats, whereas we used a much larger fragment that Von Kries et al. produced two ␤-catenin mutations contained both types of repeats. that we did not make, R469A and H470A, which dis- four-helix bundle, this orients ␣-catenin approximately perpendicular to the ␤-catenin superhelix ( Figure 7C ).
In Vitro Translation and Coimmunoprecipitation Assay
Consolidating the E-cadherin/␤-catenin complex and
Xenopus ␤-catenin-HA was described previously (Farr et al., 2000) .
␤-catenin/␣-catenin complex models, E-cadherin and
Site-directed mutagenesis of ␤-catenin was carried out using the ␣-catenin sit on roughly opposite surfaces of ␤-catenin.
QuikChange procedure (Stratagene), except that Platinum Pfx
In addition, because we suggest that the E-cadherin 
